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doi: 10.1016/j.bpj.2010.09.045The mechanical properties of the substrate or matrix play
a critical role in cell motility, cytoskeletal organization, gene
expression, and stem cell differentiation (1–5). Designing
materials for in vitro cell culture and tissue engineering appli-
cations therefore requires careful attention to bothmechanical
and biochemical properties. The model material system most
commonly employed for studies of substrate stiffness effects
is covalently cross-linked hydrogels of polyacrylamide
(pAAm), which can be formulated with moduli covering a
wide range of physiologically relevant values, ~0.010–50 kPa
(5). Thin layers (~10–500 mm) are typically used, yielding
flexible and often fragile gels that are coated on a rigid
substrate, e.g., a glass coverslip, to facilitate handling.
A commonly encountered, but poorly characterized,
problem arises when the modulus of the gels is reduced too
far: sharp lines resembling cracks may appear on the surface
of the gel upon immersion in aqueous media (2,6–8). These
features result from attachment of the gel to a rigid substrate.
When the gel is immersed in an aqueous environment, it
swells due to the osmotic pressure difference with the
surrounding medium, and equilibrium is attained when this
osmotic pressure difference is matched by the elastic stress
required to expand the cross-linked polymer network. An
unconstrained gel swells in all dimensions, but a thin layer
on a rigid substrate can only expand in the normal direction
due to its anchoring to the surface. This produces an equi-
biaxial compressive stress within the film, which can induce
buckling of the surface into sharp folds, or creases, with
a characteristic spacing proportional to the film thickness.
A typical creased pAAm gel surface exhibits a series of
sharp lines with occasional branching points (Fig. 1 A). To
verify that these are folds, we fluorescently stained the
near-surface region before onset of the instability (see the
Supporting Material), then subsequently swelled the gel in
water. As shown by confocal fluorescence microscopy
(Fig. 1 B), the sharp features correspond to zones of subduc-tion of the free surface into the gel layer below, rather than
gaps in fluorescence, as expected for cracks.
The topography formed due to creasing may significantly
influence cell behavior (2,8,9), thus it is critical that this
instability be understood and controlled. To demonstrate
the relevance of surface creases to invitro cell behavior, adult
neural stem cells were cultured on pAAm surfaces grafted
with laminin or bsp-RGD(15) peptide (2). Cells on flat
surfaces uniformly attached and differentiated (Fig. 2, right),
whereas cells on creased surfaces migrated to folds and
adopted mature lineage-committed neuronal and astrocytic
phenotypes (Fig. 2, left). Clear alignment of neurites from
neurons occurred on the creased pAAm gel (Fig. 2 B, left).
The onset of creasing can be characterized in terms of the
effective compressive strain experienced by the surface-
attached gel. If an unconstrained gel swells by a factor lf
in each dimension, then the effective strain 3 experienced
by an identical gel grafted to a rigid substrate is defined
by 3 ¼ 1 – lf1. Our previous study of pAAm gels, with
estimated shear moduli G of ~0.6–24 kPa and thicknesses
of 3 mm–1 mm, yielded creases beyond a critical strain 3c
ranging from 0.30 to 0.37 with an average of 0.33 (7).
The insensitivity of 3c to material properties and length scale
agrees with theoretical predictions (11), and suggests that
the key to preventing creases is to tune the balance between
modulus and osmotic stress to maintain a level of swelling
below lf z 1.5. We first consider how these two factors
depend on gel composition, then validate this approach
using the model system of pAAm gels containing varying
contents of AAm monomer wm and bisacrylamide (Bis)
cross-linker wx (Table 1).
TABLE 1 Compositions and moduli of pAAm gels
AAm* content wm (wt %) Bis
y content wx (wt %) G0 (Pa)
3.0% 0.02–0.2% 12–160
5.0% 0.02–0.2% 60–1100
7.5% 0.02–0.2% —
10.0% 0.02–0.2% 400–9600
12.0% 0.02–0.2% —
*Acrylamide.
yBisacrylamide.FIGURE 1 (A) Phase-contrast optical image of a creased pAAm
gel surface (1 kPa; 10 wt % AAm, 0.01 wt % sodium acrylate,
0.02 wt % Bis. Scale bar, 200 mm. (B) A confocal fluorescence
image (x,y,z scale 1:1:3) after swelling reveals sharp folds in
the gel surface (inset: x-y slice 32 mm below the surface).
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shear modulus is proportional to the density of elastically
active strands times thermal energy kBT. For the affine
model (12) of a network with N Kuhn steps of length
b between junctions, and polymer volume fraction f0,
G ¼ f0
b3N
kBT: (1)
Thus, the modulus scales linearly with the concentration of
polymer in the gel, but inversely with the length of the
chains. In the idealized case that each cross-linker is active
and every monomer is incorporated into the network, N is
proportional to the ratio of monomer to cross-linker concen-
trations. Because f0 is also proportional to monomer
concentration (assuming the amount of cross-linker is
small), we may expect from Eq. 1 that G should be propor-
tional to wx and independent of wm. In reality, nonidealities
in gel structure generally make G an increasing function of
both monomer and cross-linker concentration.
The osmotic stress p driving swelling of a polymer gel
is roughly equal to that of a semidilute polymer solution
of the same composition. When immersed in a good solvent,
the initial driving force for swelling (12) is given byFIGURE 2 (A) Phase-contrast images indicate that adult
neural stem cells sensed the surface creases and projected
neurites along the creases on the unstable pAAm formulation.
(B) Immunostaining for cell phenotypes (10).p  f
2:3
0
b3
kBT: (2)
This is a strongly-increasing function of polymer concentra-
tion, but does not depend on N, thus it is nearly independent
of cross-linker concentration. Because swelling is deter-
mined by a balance between G and p, comparing Eq. 1
and Eq. 2 suggests that lf can be reduced while maintaining
fixed G by decreasing f0 (or wm) and simultaneously
increasing wx.
To test this assertion, we studied pAAm gels where at
each composition (Table 1) two identical gels were poly-
merized between coverslips; however, in one case the
bottom coverslip was treated with an adhesion promoter,
whereas in the other case it was treated with a release
coating allowing unconstrained swelling. Equilibrium
values of lf for unconstrained gels are plotted in Fig. 3 A,
with open symbols representing compositions where
surface-attached gels formed creases and solid symbols rep-
resenting those that did not.
Two important points should be noted. First, whereas lf
increases as wx is lowered for all values of wm, there is no
simple trend in the dependence of swelling on wm. This is
at first surprising, because the prediction for a covalently
cross-linked network swelled in a good solvent (13) is
lf  f0:250 N0:2; (3)FIGURE 3 (A) Linear swelling lf versus Bis content wx for
different AAm contents wm (see legend). Open symbols repre-
sent compositions where surface-attached gels formed creases.
Dotted and dashed lines at lf ¼ 1.5 and wx¼ 0.028 wt %, respec-
tively, delineate creased from stable gels. (B) Shear moduliG0 of
pAAm gels. (Open symbols) Compositions where surface-
attached gels formed creases. (Solid line) Predicted modulus if
all cross-links were elastically active. Estimated uncertainties
correspond approximately to marker sizes in both plots.
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However, nonidealities in network structure can again lead
to significant deviations from this prediction, and prior
reports have even shown nonmonotonic dependence of
swelling onmonomer concentration for similar systems (14).
The second point concerns the transition from the flat to the
creased state for surface-attached gels. The dotted line at lf¼
1.5, corresponding to the previously-established criterion of
3cz 0.33 (7), captures the onset of creasing with the excep-
tion of 3 wt % AAm gels (red circles in Fig. 3 A) where the
transition occurs above lf¼ 1.6. Because swelling is largely
insensitive to wm, the transition from flat to creased states
may also be described by the dashed line at wx ¼ 0.028 wt
%, which cleanly divides the data over the full range of wm
studied. The guideline lf z 1.5 remains useful, because it
is general to other chemistries and can thus be easily trans-
lated to different material systems.
The values of G0 measured by oscillatory shear rheology
(which are nearly equal to G for a predominantly elastic
material) for gels with 3, 5, and 10 wt % AAm, plotted in
Fig. 3 B (full data in Table S1 in the Supporting Material),
are in good agreement with a previous study (5). The dashed
line at wx¼ 0.028 wt % again demarcates the transition from
flat to creased supported gel samples. The solid line repre-
sents the predicted shear modulus if every cross-linker
were elastically active: although the data follow the same
trend, they fall below the predicted curve, also in agreement
with the earlier study (5). Unlike the swelling data in Fig. 3A,
the modulus is quite sensitive tomonomer concentration. For
10 wt % AAm, the modulus can be reduced to ~600 Pa by
lowering Bis concentration, beyondwhich further reductions
inwx lead to creasing. By lowering the AAmconcentration to
3 wt %, however, the modulus can be reduced below 100 Pa
without triggering the surface instability.Wehave not studied
the rheological properties of 12 wt % gels, but their moduli
should be tunable from ~50 kPa at high cross-linker concen-
tration down to ~2 kPa before the onset of creases (5). Thus,
appropriate choices of monomer and cross-linker content
allow the modulus to be tuned from 50 kPa to below
100 Pa without encountering creases.
We offer one caveat: even if the composition is chosen to
avoid creases, substantial swelling of the surface-attached
gel (up to ~2-fold) (7) may occur. Thus, the modulus of the
swelled gel will be slightly different than determined by
rheology for the unswelled gel, and in general, there may
be significant anisotropy between the in-plane and out-of-
plane incremental moduli due to the lateral prestress in the
swollen surface-attached gel. For gels close to the instability,
traction forces applied by the cell may even exceed the crit-
ical compression and cause local folding. Rather than
managing the balance between osmotic stress and gel
modulus, an alternative approach that avoids these complica-
tions is to eliminate swelling stresses altogether by allowing
an unconstrained gel to swell freely and subsequently attach-Biophysical Journal 99(12) L94–L96ing it to a rigid support. Although we have found this method
to be effective for preparing gels with moduli of ~0.5 kPa
and above, it is difficult especially for soft gels and likely
not suitable for high-throughput cell-based studies.
In summary, surface creasing of pAAm substrates can
significantly influence cell behavior and must be carefully
considered for the soft substrates increasingly used in
mechanotransduction experiments. We anticipate that this
work can guide the synthesis of both smooth and creased
soft cell substrates for cell engineering efforts.SUPPORTING MATERIAL
Materials and methods, complete modulus and swelling data for Fig. 3B,
and references are available at http://www.biophysj.org/biophysj/
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